Abstract A monthly rainfall-runoff model was calibrated for a large tropical catchment in southern India. Various land-use and climatic change scenarios were tested to assess their effects on mean annual runoff and assured water yield at the Bhavanisagar Reservoir in Tamil Nadu, India. The largest increase in runoff (19%) came from converting forest and savanna (the indigenous control scenario) to agriculture. Mean annual runoff decreased by 35% after conversion to commercial forest and 6% after partial conversion to tea plantations. The predicted climate scenarios of reduced dry season rainfall decreased the annual runoff by 5% while enhanced annual rainfall caused a 17% increase in runoff. Even if land-use and climate changes had relatively large effects on runoff, the changes in reservoir yield which can be assured every year, were often less severe. This was probably due to the buffering effect of the reservoir and variation in the mean annual runoff.
INTRODUCTION
Experimental studies have generally been in agreement that a removal of forest cover is associated with increased annual streamflow in both temperate (Bosch & Hewlett, 1982) and tropical environments (Bruijnzeel, 1990) . However, most studies were performed on small experimental catchments of a few square kilometres, and it is not certain if similar results, such as streamflow increases of more than 100% (ibid), will emerge from larger river basins. Even on these small catchments, the large streamflow increases were mitigated and sometimes disappeared altogether when alternative vegetation had grown in. Qian (1983) could not detect a change in streamflow on catchments of 7-727 km" in southern China after a 30% loss of tall forest. Similar results emerged from a catchment of 36 000 knr in northern Thailand after a removal of 50%) forest cover (Dyhr-Nielsen, 1986) . No clear trend of changes in évapo-transpiration or runoff could be found in a study of Swedish catchments between 1400 and 25 000 km", which concluded that any possible changes are overshadowed by the uncertainty from insufficient input data and the simplification of nature in the model (Brandt, 1992) . Results from a study in northeast Thailand found no significant changes in water balance after a decline in forest cover from 80 to 27%. (Wilk & Andersson, 2001) . A large river basin is a mosaic of different land uses and practices with varying vegetative patterns in all stages of growth, and with heterogeneous geology, soils, and climate. It is apparent that this spatial and temporal variability is able to mask many of the cause-and-effect links between land use and hydrology that have been demonstrated in small experimental catchments.
In a large catchment, it is not always easy to pick out clear changes when analysing time series data of land use derived from different measuring authorities. Many changes may be taking place, some more relevant from a water resource point of view, but these may not always be captured with the available land-use data. The quality and density of a certain vegetation type and the methods used to classify land use into groups are equally important as quantifying the areal coverage of each group. The degradation or thinning of natural forest can affect interception and transpiration rates even if the area of coverage is unaltered.
The aim of this paper is to assess the effects of land-use changes on water yield in the Upper Bhavani basin, India (4100 km"). The Pitman monthly rainfall-runoff model was calibrated for 21 years over the Upper Bhavani River basin in Tamil Nadu, and is described in the companion paper (Wilk & Hughes, 2002) . The results of the calibration study indicated that the simulated runoff volumes were 21% higher than observed, and part of this oversimulation is thought to be largely due to unrepresentative estimations of areal rainfall in part of the catchment. Nevertheless, the parameter values were considered representative enough to be used to assess relative differences between various land-use scenarios. Parameters in the model that control processes such as infiltration losses, interception and évapotranspiration, were altered to reflect chosen land-use patterns.
Changes to the flow regime, apart from the mean annual runoff, may be important but more difficult to detect in the runoff time series. The use of a reservoir simulation model (Hughes, 1992) to assess changes in the assured yield of a catchment represents an approach that can integrate a variety of changes in the inflow time series into a single impact on the yield. From a water resource perspective, changes to the downstream yield are also the most important effects of land-use change. The scenarios in this study represent the combined effect of applying what is known about land-use impacts on small catchment studies to a large catchment. Hypothetical "worst case" scenarios have been put into a wider perspective by comparing them with more heterogeneous land classifications from 1965 and 1994 and two predicted climate change scenarios.
EFFECTS OF LAND USE ON HYDROLOGY
Forests generally influence local hydrology through high transpiration, good infiltration due to a rich litter and humus layer and the presence of macropores, and high interception because of their high canopy coverage and tiered understory. However, different climates influence the processes by which trees affect the hydrological cycle in different manners. The main regulating factors in the wet tropical climates are radiation, tree physiology and rain drop size (Calder, 1998) . In the wet tropics, humid rainforest is able to convert nearly all net radiation into évapotranspiration, so that it is unlikely that any other land use will have higher évapotranspiration rates (ibid). In South Africa, however, natural forests have been found to be less efficient evaporators than commercial forests, possibly because of the better layering allowing better retention of moisture in and under the forest canopy. Transpiration rates from eucalyptus species are likely to be similar to those from other trees, except where species of eucalyptus do not exercise stomatal regulation and have access to freely available water (Calder, 1992) . In these situations, eucalyptus can transpire at much higher rates.
In the wet tropics, evaporation from intercepted rain makes up a significant amount of annual forest évapotranspiration. Interception loss for tea is lower than from indigenous forest cover, because tea has an aerodynamically smoother canopy (Blackie, 1979a) . Commercial forests, with their smooth single layered canopies, also have lower interception rates, though rates vary depending on the spacing between plants. Wet tropical forests in the Upper Bhavani basin were found to intercept 38-40% of rainfall, while the exotic species, acacia intercepted 30-35% and eucalyptus only 20-25% (Chinnamani & Sakthivadivel, 1981) . Another study, from the Nilgris Plateau area, found that indigenous forest intercepted 34% of rainfall, acacia 25% and eucalyptus 22% (Samraj etal., 1982) .
It is not only évapotranspiration rates that regulate the amount of water loss; moisture availability also plays a major role. Although moisture availability is more of a limiting factor in the dry tropics, it will still have some effect in the study area during the dry season. Trees have much deeper roots than cultivated crops and grass, and, therefore, can extract water from deeper layers even when the topsoil is dry. Finger millet (an annual crop in Karnataka, India) has a rooting depth of about 2 m, while forest sites had much deeper roots. One of the eucalyptus sites had roots extending to a depth of 8 m (Calder et al., 1997) . In comparison, anchor roots of tea plants can reach depths of 2.5-3 m, if there is adequate soil depth (Tea Research Institute, India, personal communication), while they matched the depth of montane rain forest at 6 m in Kenya (Kerfoot, 1961 (Kerfoot, , 1962 .
The overall impact that various land uses have on hydrology depends on the combined effect of differences in interception, transpiration and infiltration capacities. The evidence from both model simulation and process studies in Kenya suggests that total water use by tea may be lower than under forest for wet conditions, and similar, or even higher, under dry conditions (Blackie, 1979b) . The balance between interception and transpiration processes will depend on spatial and temporal rainfall distribution. When water is freely available, forests transpire high amounts and intercepted water is lost almost daily, while during dry periods, interception plays a less dominant role in the water balance.
THE UPPER BHAVANI BASIN
A description and map of the basin is given in the companion paper (Wilk & Hughes, 2002) .
LAND-USE ANALYSIS
To determine the patterns of land-use change in the catchment over the past few decades, aerial photographs and vegetation maps were analysed with the aim of quantifying the change in amount of forest cover from 1965 to 1994. Over such a large catchment, however, the term "forest" encompasses many different vegetation types that may have very different water uses. Even within a defined vegetation group, different densities and qualities (healthy vs degraded) exist. Based on the land-use analysis, it was concluded that the resolution of the available data, compared to the nature of the changes, precludes a clear definition of land-use change. The changes have not been large enough to overcome the potential errors caused by classification and different methods of interpretation. Hypothetical scenarios have been created to assess the effects of extreme land-use changes, using model parameters based on an understanding of the effects noted in small catchments. Despite the uncertainties in the land-use classifications, scenarios of land use as defined by the 1965 and 1994 surveys have been included to represent realistic heterogeneous land-use patterns. 
THE PITMAN MODEL AND LAND-USE CHANGE
The details of the semi-distributed Pitman model are provided in the companion paper (Wilk & Hughes, 2002) , but additional background information on the way in which the model can deal with land-use changes is provided here. The main parameters of concern in a land-use context are those that control interception (PI), évapo-transpiration (R and FF) and infiltration or catchment absorption (AI, ZMIN, ZA VE and ZMAX). The original version of the model was designed to simulate internal subcatchment differences between forested and non-forested areas. This was accomplished by specifying a %Forest parameter, two PI parameters (PIF and PIV), as well as a FF parameter to allow the input potential évapotranspiration to be scaled (up or down) for the land use over the "forested" area. The FF parameter essentially allows the model to cater for more effective drying of the soil moisture store by deeper rooting vegetation. Although the model refers to forest, the parameters can actually apply to any two groups of land use; for example, tea and natural grassland. The main issue is that realistic values for PIV, PIF and FF need to be established to represent the effects of the two land uses. It is equally important that the other relevant parameters (R, AI, ZMIN, ZA VE and ZMAX) are set to values that are realistic to reflect conditions over the sub-catchment as a whole. The model also allows for seasonal changes to the values of some parameters (PIF, PIV ana ZMIN). The basin has been divided into four projects, which have been further divided into sub-catchments as illustrated in Fig. 3 of the companion paper (Wilk & Hughes, 2002) for which the various parameters have been applied. Table 2 illustrates the sensitivity of the model to some changes in the land-use parameter values using an arbitrarily selected sub-catchment (Project 2, sub-catchment 1) within the study area. Some of the input values and the base parameter values are given at the bottom of the table and the effects on mean annual interception, actual évapotranspiration, surface runoff and soil moisture runoff (all in mm and as % changes from the results using the base parameter values) are tabulated. For each row of the table the model has been run with the base parameter values or the changes listed in column 1. Changes to the interception parameter values have the largest impact on surface runoff, but do not influence the water balance of the soil moisture store as significantly. Over the full range of possible values (0-1), R can have a 6% effect on actual evaporation, which translates into a 9% (from -5 to +4) possible impact on soil moisture runoff. Parameter ZMIN is clearly quite sensitive in this region, which experiences some very high monthly rainfalls during both of the monsoon seasons. Parameter FF also has the potential to cause quite large changes in results where the %Forest parameter represents a large proportion of the catchment.
The streamflow output from the Pitman model can be used as input to a water balance simulation model of the Bhavanisagar Reservoir to determine the overall impact of the various land-use scenarios on the yield of this reservoir. The Bhavanisagar Reservoir has a capacity of 986 Mm' and supplies irrigation water to downstream agricultural users. The annual runoff volume is 410 mm with peaks occurring in July and November corresponding with the monsoons. Year-to-year variability is large, ranging from 240 to 930 mm during the 21-year study period, resulting in a coefficient of variation of 0.39. The storage volume relative to inflow is 60%. The assured yield of the dam, given various scenarios of upstream inflow, can be determined by iteratively changing the draft requirement until negligible shortfalls in supply are experienced. This approach is a useful method of putting the effects of landuse change into a water resource management context.
LAND-USE AND CLIMATE CHANGE SCENARIOS
The indigenous scenario was considered the control against which others were compared. It was predominantly a mixture of wet and dry deciduous tropical forest (35%), tree or scrub savanna (59%) in the most northern and southern parts of the basin and grassland (6%) on the high plateau. This was created by transforming all agriculture, tea and commercial forest areas in the 1973 maps to the nearest indigenous land classification, based on knowledge of the basin climate, soils and topography. The land-use scenarios tested were: an indigenous control scenario, large-scale conversion to tea, commercial forest and agriculture and land cover as in 1965 and 1994.
The most extreme land-use scenarios were created by giving them maximum coverage in the sub-catchments, where this was physically and climatically plausible (Table 3) . Agriculture was given 100% coverage; although it would not be assumed to occur in very steep mountain areas, these areas are very small. Commercial forest was given 100% basin coverage, as species such as eucalyptus can be grown in both wet and more arid environments. Tea was placed on all high elevation areas with cooler, humid climate and covered 47% of the basin. The chosen land-use scenarios are not considered to be a prediction of future conditions, but represent the most extreme effects that changes could cause, if reflected by suitable parameter values. Land-use cover in 1965 was based on the division of land into open land and forest cover from aerial photographs. Forest covered 42% of the basin. Open areas that were classified as savanna in [1973] [1974] [1975] [1976] [1977] [1978] [1979] were considered as such in 1965 (22%) while the remainder of the open area was considered to be agriculture (20%). The area of tea was considered to be half of that in 1973-1979 (5%) . Commercial forests were considered to cover approximately 7% of the basin, the same area as in [1973] [1974] [1975] [1976] [1977] [1978] [1979] . Land use for 1994 can be seen in Fig. 2 .
To compare the maximal effect on streamflow generation from land-use changes with that which can be expected from altered rainfall generation as predicted from general circulation models (GCMs), two climate change scenarios were included in the study. Results were used from climate scenarios based on data from four GCMs: the Canadian Climate Centre model (CCCJ1), the United Kingdom Met Office model (UKMOH), the Geophysical Fluid Dynamics model (GFDLA) and the Australian CSIR09 model. These are described in Whetton (1994) . For the year 2070, the models considered suggested a -10 to 10% decrease in rainfall during the dry season and a 0-10% increase during the wet season. In this study, two scenarios were created to represent the most extreme changes (the driest and the wettest) in seasonal precipitation: a 10% decrease in dry season rainfall and a 10% increase in annual rainfall. The climate change scenarios were run with the indigenous control parameters while only changing the precipitation input equally for all rainfall events.
The range of model parameters chosen for various land uses is shown in Table 4 , while the range of parameter values for each project for the different scenarios is shown in Table 5 . The parameter ZMIN (controlling infiltration) was set to the lowest value (Table 4) for the agricultural scenario, to reflect reduced infiltration. The model was run with 1 and 2% impervious areas (AI parameter) to represent activities that compact the land surface and decrease infiltration capabilities, such as plough pans, Table 4 The range of model parameter values for different land-use classes. 1-1.6 0 1-1.3 1-1.5 1.4-1.8 1.4-1.8 4.5-5 1.5-2 3-3.5 4.5-5 5.5-6 2.5-3 3.5-6 1.5-2 3.3-3.7 4.5-5 2.5-5 2.5-5 4-6 1.5-2 3.5-3.6 4.5-5 4.5-6 4-5 3.3-4.8 1.5-2 3.5-3. road building, increased urbanization and poor land management. For those scenarios that include indigenous forest, interception rates (PIF) were lowered in the dry season, as the majority of trees are deciduous. Natural forest was characterized by the highest interception rate of all scenarios, but was assigned a lower FF than both tea and commercial forest, to suggest lower évapotranspiration to be consistent with more conservative water use. To account for relative root depth, R values for natural forest were set lower than for agriculture, tea and savanna, yet higher than for commercial forest.
Tea, being perennial, has the same interception values for both seasons. To simulate a large-scale conversion to tea from the indigenous condition, R and FF were increased slightly from the indigenous scenario, while interception was set lower than both indigenous and commercial forest. Commercial forests are expected to have extreme values for both rooting depth and évapotranspiration, since both acacia and eucalyptus can readily exploit even limited water availability by tapping groundwater reserves at relatively great depths.
RESULTS
The mean annual inflow to the Bhavanisagar Reservoir under the indigenous scenario has been simulated as 2060 Mm' and the assured yield as approximately 1300 Mm 3 . The mean annual runoff and assured reservoir yields under the various land-use covers, based on a 21-year modelling period, are shown in Fig. 2 (as absolute values and relative to the indigenous yield). It should be noted that an increased mean annual inflow will not necessarily result in a higher reservoir yield. The yield is determined by the combination of storage, long-term inflow volume, seasonality and long-term variations in inflow volumes (as measured by the coefficient of variation, CV, for example).
The agriculture scenario represented a total conversion of indigenous cover to crops such as vegetable, banana, coconut and spices. This resulted in the largest increase in MAR, 19% greater than the indigenous scenario. In terms of assured yield, this scenario resulted in an increase of 6%. Increasing the impervious area of the catchment by 1 and 2%, caused MAR increases of 20 and 21%, respectively, over the indigenous scenario.
The 1965 scenario showed a modest decrease in MAR (2%), but a 3% increase in assured yield. The low variation in the annual runoff could account for the small change in yield. Land use in 1994 was a mosaic of agriculture, savanna, natural and commercial forest, and tea. Despite the 1994 land use having extensive agricultural areas, the MAR for the 1994 scenario was of a similar order to the indigenous scenario. This could be because the indigenous scenario had large areas of savanna (59%). Both the 1965 and 1994 scenarios represent a more realistic picture of large catchments, with mixed land use, and the changes from the indigenous scenario are much more modest than the extreme conversions to agriculture and commercial forest. This supports findings from large heterogeneous catchment studies, where little or no changes in annual runoff can be detected after removal of large tracts of forests. The tea scenario, covering 47% of the basin, had a slightly reduced MAR and reservoir yield. Commercial forest over the entire basin resulted, not surprisingly, in the lowest MAR and yield. Despite a 33% reduction in MAR, the reduction in yield was only 21%, partly due to the reservoir's storage capacity, which acts as a buffer between inflow and water use. The seasonal distributions of runoff show a similar pattern for almost all land-use groups except that of commercial forest (Fig. 3) . During the drier periods, commercial forest species have a greater ability to extract water than other vegetation types, thus a smaller percentage of the annual runoff occurs during these periods as compared to other vegetation groups. However, these drier seasons are not critical periods of reservoir recharge, so reduced runoff is not equally reflected in the assured yield.
The climate change scenarios showed modest changes in assured reservoir yield. The increased annual precipitation scenario generated a similar MAR ( 17% increase) to that of converting the entire basin to agriculture (19% increase). However, the annual CV of inflows was higher (38% as compared to 35% for the agriculture scenario), resulting in a lower assured yield. Decreasing the dry season rainfall by 10% decreases MAR by 5% and has a marginal effect on the yield.
CONCLUSION
Only moderate land-use changes have been experienced in the catchment of the Upper Bhavani basin over the period for which data are available. Although there has been little overall change in terms of area, there have been large local changes, as tea, commercial forests and agricultural crops have been established and then replaced by alternative vegetation types on different tracts of land. However, there is little indication that the area of indigenous forest has decreased in the last few decades.
Of the scenarios, total conversion to agriculture in the basin generated the largest assured reservoir yield as compared to the indigenous control scenario, while the greatest reduction came from total conversion to commercial forest. The other scenarios, including those related to climate change, showed relatively negligible yield changes. The changes for the agricultural and commercial forest scenarios are quite substantial, indicating that large-scale conversion to different land uses will affect the volume of runoff from basins in the region. In terms of water resource utilization, the effects can be much reduced where reservoir storage is available to buffer the changes. However, these are extreme changes where the entire basin has been converted to one land-use type-a very unlikely transition. The scenarios based on mapped 1965 and 1994 land-use distributions, which are more realistic mixtures of different land uses, indicated relatively unchanged runoff as compared to the control scenario. This suggests that the mosaic of land-use changes that has occurred in the recent past is unlikely to be detectable in runoff records, even if it were very accurate and accounted for all artificial transfers. Perhaps the most important implication of this study is that changes that are likely to occur (rather than the extreme scenarios referred to above) will have a negligible impact on the yield of the Bhavanisagar Reservoir.
